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ABSTRACT: A series of experiments have been undertaken on the fragmentation of multiply 
charged ammonia clusters, (NH3)n
z+, where z  8 and n  800, to establish Rayleigh instability 
limits, whereby clusters at certain critical sizes become unstable due to Coulomb repulsion 
between the resident charges. The experimental results are in excellent agreement with 
theoretical predictions of critical size. Electrostatic theory has been used to help identify 
fragmentation patterns on the assumption that the clusters separate into two dielectric spheres. 
The predicted Coulomb repulsion energy is then used to match individual peak profiles 
recorded in the experiments in order to establish fragment size and the amount of charge they 
carry. The results show that fragmentation is very asymmetric in terms of both the numbers of 
molecules involved and the amount of charge each fragment accommodates. It is suggested 
that the results support the ion evaporation model that is frequently used to interpret 
electrospray experiments. 
        
I. Introduction 
The first quantitative interpretation concerned with the stability of multiply charged 
clusters and droplets was presented in 1882 by Lord Rayleigh.1 Rayleigh proposed that, as a 
consequence of electrostatic repulsion, a charged spherical mass of liquid could move from 
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being in a state of stable equilibrium to becoming unstable as the magnitude of the charge is 
increased. In many respects, multiply charged clusters of molecules held together by van der 
Waals forcers are ideal models with which to test this theory. They can be both size- and 
charge-selected and the retaining forces are often sufficiently weak as to make clusters 
susceptible to subtle changes in the strength of the Coulomb interaction. Applications to 
clusters carrying z units of charge are most frequently described in terms of a minimum number 
of molecules, 𝑛𝑐𝑟𝑖𝑡(𝑧), required to suppress fission due to Coulomb repulsion:
2-7 
𝑛𝑐𝑟𝑖𝑡(𝑧) =  
(𝑧𝑒)2
64𝜋2𝛾𝜀0𝑟𝑚3
                                                          (1) 
Where e is the elementary unit of charge, 𝜀0 is the permittivity of free space, 𝛾 is the surface 
tension of the molecular liquid and 𝑟𝑚  is the radius of a constituent atom or molecule. Below 
𝑛𝑐𝑟𝑖𝑡(𝑧) a cluster is considered to be unstable with respect to fission via charge separation. 
Earlier studies of Coulomb fission made use of collisional activation to reduce the size of a 
stable dication or trications to a point where Coulomb fission could be observed to promote 
fragmentation via charge separation.8-10 More recently, Coulomb fission has been found to 
occur through the metastable or unimolecular decay of mass-selected dication and trications 
molecular clusters.11-13  These observations have shown that the decay process can be both 
delayed (~ 10-4 s) and very asymmetric; a typical example being (NH3)52H2
2+  (NH3)40H+ + 
(NH3)12H
+,11-13 and it has been possible to interpret these experiments in terms of a two-body 
Coulomb fission step, for which a generalised schematic description is given in Figure 1. Here, 
a spherical cluster carrying a charge of z+ fragments into two smaller spherical units carrying 
charges of y+ and x+.  
In the examples discussed both here and in earlier experiments,11-13 the intrinsic energy 
barrier to fission, Ebarrier, is overcome by the presence of residual internal energy remaining in 
the precursor cluster following ionisation. It is assumed that this energy is randomly distributed 
among the many vibrational modes within the cluster, but that at some point in time, a fraction 
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of that energy will reside in a collective mode that will drive the cluster over the fission barrier. 
Two important pieces of information are recorded during these experiments, and these are the 
fragmentation pattern and the centre-of-mass kinetic energy released as the two fragments 
shown in Figure 1 separate.  For all of the experiments undertaken thus far,  a very close match 
has been found between the experimental kinetic energy release measurements, KER, and the 
calculated maximum electrostatic potential energy between the two charged spherical 
fragments as they separate (see Figure 1).11-13 Preliminary electrostatic calculations on 
ammonia dications were undertaken using a model due to Linse,14 but more recently new theory 
has been formulated to treat electrostatic interactions between charged dielectric materials.15,16 
For the case of quadruply charged clusters, the theory has also been used to differentiate 
between symmetric and asymmetric charge separation.13 These comparisons between 
experiment and theory are only concerned with events that take place once the two fragments 
start to separate; no information is provided as to the magnitude of Ebarrier. However, the very 
good agreement with theory does suggest that during the time the fragments experience mutual 
Coulomb repulsion, there is very little energy partitioning to internal (intermolecular) degrees 
of freedom.  
The principal focus of the work reported here has been to provide an accurate measure 
of the Rayleigh instability limit by monitoring the Coulomb fission of multiply charged 
ammonia clusters with z in the range 2-8.  The numbers recorded are then compared with values 
for 𝑛𝑐𝑟𝑖𝑡(𝑧) calculated from equation (1). However, as part of this process, information has 
also been recorded on the fragmentation patterns of multiply charged clusters, where as part of 
the analysis, detailed electrostatic calculations have been undertaken to help interpret the data 
regarding the degree of asymmetry exhibited by the fragments both in terms of size and charge. 
In some respects, the patterns of behaviour exhibited by multiply charged clusters should have 
features in common with decay channels that have proposed for highly charged ions during 
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electrospray ionization (ESI),17-29 and in this context discussion has focused two mechanisms. 
For highly charged proteins a charge residue model CRM) has been proposed,26,27 whereby 
extensive (neutral) solvent evaporation leaves the ion holding a significant fraction of the 
available charge. In contrast, the ion evaporation model (IEM) is thought to proceed via the 
ejection of small solvent ions, and may be more appropriate under circumstances where residue 
ions are found to carry just a fraction of the initial charge generated during ESI.28,29         
 
  
II EXPERIMENTAL SECTION 
Observations on the fragmentation patterns of multiply charged molecular clusters have 
been made on an apparatus that combines a high resolution reversed geometry mass 
spectrometer (VG Analytical ZAB-E) with a pulsed supersonic cluster source. Since details of 
the experimental procedure have been given previously,12 what follows is a brief summery. 
Neutral molecular clusters of the form (NH3)n were generated via the adiabatic expansion of a 
gaseous mixture of ammonia and argon through a pulsed, conical nozzle, with the ammonia 
content being between 1% and 5%.  The resultant neutral clusters were ionized by 70 - 100 eV 
electrons and the ion beam extracted from the ion source at a potential of either +6 kV or +7 
kV into the flight tube of the mass spectrometer. Cluster ions with a particular combination of 
charge (z1) and mass (m1) were selected using a magnet and the ionic products of Coulomb 
fission in the field free region between the magnet and an electrostatic analyser (ESA) were 
identified by scanning the voltage on the latter. The field-free region is 1.5 m in length and ions 
are approx. 5x10-5 s old when they enter that section of the mass spectrometer. This link-
scanning procedure provides a mass-analysed ion kinetic energy (MIKE) spectrum,30 which 
can be used to identify ionic fragments according to their laboratory-frame kinetic energy, and 
the energy spread of a peak can be related to the centre-of-mass kinetic energy released during 
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fragmentation.30 To detect the principal charged product from the fission of a multiply charged 
cluster, the ESA has been scanned to record ionic fragments with laboratory-frame kinetic 
energies from 10 keV downwards. For laboratory-frame kinetic energies of between 7 keV and 
10 keV there are no background ion signals from other processes, such as the loss of neutral 
molecules, which means the very weak signals that arise from Coulomb fission can be recorded 
without interference. However, this approach does mean that for each decay step, only the 
larger of the two charged fragments is detected. The size of the smaller fragment is determined 
from mass and charge balance, together with the assumption that it emerges as a single unit, 
which is supported by the shapes of peak profiles recorded following Coulomb fission in 
doubly and triply charged clusters.12,13 Attempts to record data on the smaller of the two 
fragments were hampered by two factors: (i) the severe instrumental discrimination light ions 
with high kinetic energies can experience; and (ii) an overlap with peaks arising from the loss 
of neutral molecules, which has previously been shown to compete with Coulomb fission.12     
From the magnitude of the electric sector voltage necessary to transmit them, the mass-to-
charge ratio of fragment ions can be identified from the following equation:30 
 
𝐸∗ =  
𝑚2
𝑚1
𝑧1
𝑧2
 𝐸0                                      (2) 
 
E0 is the initial parent ion kinetic energy (6 or 7 keV), E* is the kinetic energy recorded 
following fragmentation and m2 and z2 are the mass and charge, respectively, of the fragment 
ion being detected. Ions were detected with a Daly scintillation detector linked to a lock-in 
amplified (Stanford Research Systems SR850), which provided phase-sensitive detection 
referenced with respect to a train of nozzle pulses. During the course of these experiments, the 
background pressure beyond the ion source remained below 1x10-7 mbar, thus ensuring 
minimal interference from collision induced fragmentation.  
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An added complication in the study of Coulomb fission in multiply-charged molecular 
clusters, such as those of water or ammonia, where there are labile protons, is that during 
ionisation and/or fragmentation in the ion source, protons are either readily lost or acquired by 
potential precursor ions.31,32 As a result, mass spectra show that cluster ions can take on 
multiple forms, often separated by the mass-to-charge ratio of a single proton.31,32 In the case 
of ammonia, Garvey and co-worker have shown there are two dominate doubly charged ions 
and three prominent triply charged ions together with a less intense non-protonated form.33,34 
The authors propose that, following ionization, protonation in both examples comes from a 
sequence of internal ion-molecule reactions.33,34 However, as a consequence of proton 
mobility, an increase in charge (z) on a cluster, reduces the ability to resolve and identify 
individual ions separated by just H/z, particularly, when it is necessary to retain sufficient ion 
signal to record a fragmentation pattern. A further complication arises during Coulomb fission, 
because this process may also involve fragments losing or gaining a proton(s), which then 
compromises the identification of their exact composition.  
The approximate timescale over which the mass spectrometer allows observations to 
be made on fragmentation, ~ 50 – 100 s, places limitations on the types of processes that 
might be recorded and the accuracy with which various size limits, such as those associated 
with Rayleigh instability, can be determined. Very small clusters that experience high levels of 
ionisation can be expected to undergo spontaneous Coulomb fission before they have time to 
leave the ion source, ~ 1 s. The next point of travel is the region between the ion source and 
the magnet; again events occurring here cannot be monitored using the linked scanning 
procedure adopted here, but would correspond to cluster ions that are sufficiently stable to 
leave the ion source, but still have comparatively short lifetimes. Thus, any value recorded for 
a minimum critical size, 𝑛𝑐𝑟𝑖𝑡(𝑧), from fragmentation in the region between the magnet and 
the electric sector will be an upper limit, because clusters of size, for example, 𝑛𝑐𝑟𝑖𝑡(𝑧) − 1 
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will have fragmented before reaching that observation point. Likewise, there will be a certain 
size, nstab(z), at which fission ceases to be observed, but this will be a lower limit because if 
observations could be made, for example,  on nstab(z) + 1, on a much longer timescale, then this 
ion might also be found to exhibit Coulomb fission.  
In equation 1, the radii of ammonia clusters were calculated using the density of the 
bulk material in liquid phase (0.73 kg m-3) and a room temperature value of 0.038 Nm-1 has 
been used for the surface tension.  
 
III. Results and discussion        
Figure 2 shows an example of a MIKE scan recorded from the doubly charged cluster 
ion (NH3)52
2+ where the loss of individual fragments is resolved and can be identified. The 
signal to noise ratio is typical of most of the experiments undertaken in this study. Also shown 
are the results of peak profile simulations that have been undertaken using a computer model 
of the flight path and geometry of those regions of the mass spectrometer in which ion 
fragmentation and detection take place.13 This procedure has been adopted in order to extract 
accurate kinetic energy releases from the experimental data for the purposes of comparison 
with electrostatic theory.  Table 1 lists average kinetic energy releases, <KER>, as determined 
from a visual match between the experimental peak profiles in Figure 2 and the results of 
computer simulations. These numbers are considered to be more accurate than those quoted 
previously,11,12 which were determined from the FWHM (Full Width Half Maximum) of each 
peak.30 Also shown in Table 1 are potential energy maxima, Umax, calculated from electrostatic 
theory for each of the fragmentation channels identified in Figure 2. Input to the theory consists 
of the radii of the fragments, their charge and the dielectric constant of the bulk material. Whilst 
it is acknowledged that the latter property may not be applicable to finite sized collections of 
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molecules, in the absence of a better understanding of the multipole properties of clusters, the 
dielectric constant remains a useful parameter.  
As can be seen from Table 1, the maximum repulsion calculated from the Coulomb 
potential energy curve, Umax, is an excellent match to the experimental kinetic energy release 
data recorded for doubly charged ammonia clusters.  In the analysis that follows, it will become 
evident that a similar quantitative interpretation of experimental data from the fission of more 
highly charged clusters is not possible. Therefore, based on the results in Table 1 and previous 
successful use of the electrostatic model,11-13 it is proposed that the process be inverted and that 
a value calculated for Umax for a given charge state and fission pattern is an accurate measure 
of the expected kinetic energy release. As such, values of Umax in conjunction with the 
simulation process will be used in the analysis of peak profiles recorded for fission processes 
associated with z in the range 3 – 8.      
Previous measurements on the presence of triply charged ammonia clusters in mass 
spectra have identified the smallest observed size as being (NH3)121
3+.34 However, by 
successively tuning the magnet to m/z values that equate to triply charged clusters below this 
value and performing MIKE searches for characteristic fission signals, it is possible to identify 
(NH3)116
3+ as being the smallest observed size (Table 2 gives a full list of critical sizes recorded 
for each of the multiply charged clusters studied).  The possibility that these signals arise from 
close lying or coincident doubly charged cluster peaks can be ruled out as their equivalent m/z 
values would correspond to approximately (NH3)77
2+, which is well above the minimum stable 
size (nstab(2)=54; see Table 3 ). As mentioned previously, a reduction in resolving power is 
required to achieve the necessary ion signal for the detection of fragments. Consequently, the 
magnetic sector is not able to select individual ion species separated by 1/3 amu (H/z); 
therefore, it is assumed that the resultant fission signals will have contributions from a number 
of protonated forms of the precursor cluster, together with any new combinations that may arise 
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as a result of Coulomb fission / chemical reactivity. Figure 3 shows a MIKE scan recorded 
from a cluster ion in the region of n=122, where a high resolution mass spectrum shows the 
most intense precursor ion to be (NH3)122-1(NH4)
3+ (a similar observation can be seen in mass 
spectra presented by Peifer et al.34). If Coulomb fission were to produce just two protonated 
forms of doubly charged fragment, for example,  (NH3)122-k-1(NH4)
2+ and (NH3)122-k-2(NH4)2
2+, 
then, in the absence of any significant kinetic energy release, these fragments would be 
separated in a MIKE spectrum by a laboratory-frame-kinetic energy of less than 10 eV. Since 
the energy resolving capability of the ESA at low resolution is approximately 20 eV, it is clear 
that these individual fragments will not be resolved. The MIKE spectrum in Figure 3 shows 
the presence of four partially resolved features; a result which contrasts with previous 
measurements on the triply-charged clusters: (C6H6)n
3+, (CH3CN)n
3+ and (C4H8O)n
3+, where 
sequences of fragments from Coulomb fission were clearly resolved.13 To further illustrate the 
point made above regarding proton transfer, the scan in Figure 3 is overlain with the predicted 
positions of fragments from possible reaction pathways that are separated by just H/z. Based 
on the observations of Peifer et al.,34 the doubly charged ion that is detected could take one of 
three possible forms. It can either be un-protonated, singly, or doubly protonated, and the lines 
on the spectrum indicate the laboratory-frame energies at which these various fragments would 
be detected. None of the steps shown has any kinetic energy release associated with it; a factor 
that will clearly complicate any additional analysis. Electrostatic theory gives a value for Umax 
as 1.62 eV; however, attempts to fit any of the features in Figure 3 with an equivalent simulated 
profile have not been successful. A qualitative conclusion derived purely from the overall 
position of peaks in the MIKE scan, is that (NH3)122
3+ and related ions within  H undergo a 
very asymmetric mode of Coulomb fission involving the loss of units containing between 11 
and 13, or possibly 14, molecules. 
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 Given the difficulties outlined above concerning the precise identification of multiply 
charged ammonia clusters it is clear that for clusters where z is  4, a combination of the narrow 
mass spread between peaks in a mass spectrum and the expected reduction in energy resolution 
with increasing fragment mass, make it is impossible to resolve individual precursor ions and 
their associated fragments. Therefore, for ammonia clusters where z is  4, the identification 
of a critical size, 𝑛𝑐𝑟𝑖𝑡 , has been achieved by an alternative approach, whereby the reduction 
and eventual loss of any characteristic Coulomb fission signal originating from (unresolved) 
charged fragments has been monitored as a function of decreasing cluster size. To illustrate 
how this procedure works, Figure 4 shows a strong, but unresolved signal recorded following 
a MIKE scan of the fission products from the (assumed) precursor ion (NH3)210
4+. This is 
measurement was undertaken by “parking” the magnet on the mass-coincident ion (NH3)1052+, 
which is easily identified in a mass spectrum. A reduction in size by two molecules can be 
realised by “parking” on (NH3)52+, which is coincident with (NH3)2084+. Further mass selection 
can achieved by identifying similar m/z ratios that coincide with +4 ions in the critical Rayleigh 
instability region. Since the mass range over which ions are known to exhibit Coulomb fission 
is narrow, there should be no interference in a MIKE scan from other mass-coincident multiply 
charged ions, for example, (NH3)104
2+ and (NH3)156
3+. The results have been used to construct 
a composite MIKE spectrum of the type shown in Figure 5, from where a critical size can be 
identified as (NH3)205
4+, and below this limit +4 clusters are too unstable to be observed. The 
result for n=205 was obtained by interpolation between (NH3)51
+ and (NH3)103
2+.  
 As already noted, in these experiments it is the larger of the two fragments that is 
detected; therefore, in the case of a +4 cluster, the major fragment can carry a charge of either 
+3 or +2, depending on how charge separation proceeds. Previous experiments on (C6H6)n
4+, 
(CH3CN)n
4+ and (C4H8O)n
4+showed that these quadruply charged ions all favoured the 
formation of +3 fragments. From Eq. 2 it can be shown that for the route 
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   (NH3)210
4+    (NH3)210-k3+  +  (NH3)k+                              (3) 
 
 the upper and lower limits to the signal in Fig. 4 correspond to k lying in the range 12 – 20. 
From electrostatic theory the Coulomb barrier, Umax, generated from the interaction represent 
by Eq. 3 would be ~ 2.2 eV.  In contrast, if it is assumed that each fragment carries a charge of 
+2, then k would lie in the range 79 – 82 and the corresponding electrostatic barrier would be 
~ 2.5 eV. The consequences of fragments having these two distinct pathways are very obvious 
from a simulation of the respective fragment ion peak profiles. Figure 4 shows a sequence of 
profiles calculated for the proposed fragments from Eq. (3) using an average kinetic energy 
release equal to Umax. In contrast, if it is assumed that the two fragments are both large doubly 
charged clusters and are accompanied by a corresponding increase in energy release, then the 
resultant simulated profiles shown in Fig. 6 are distinctly dish-shaped, for which there is no 
evidence in the experimental data. The marked difference between the two results (Figure 4 
compared with Figure 6) arises from a combination of a higher kinetic energy release and the 
detection of a lighter fragment. In the case of a triple charged fragment it is ~ (NH3)195
3+ being 
detected, whereas for the +2 route the detected fragment would be ~ (NH3)130
2+ and the latter 
would be subject to greater instrumental discrimination. An upper limit to Coulomb instability 
occurring in the timescale of the experiment can be determined by performing a similar 
experiment to that described above, but this time recording the size of cluster required to 
stabilise against Coulomb fission.  Figure 7 shows an overlay of MIKE spectra which shows 
that beyond the precursor (NH3)226
4+ the signal strength becomes gradually weaker, with a 
stable size being assigned as (NH3)234
4+, which shows no evidence of any fission products. For 
the purposes of comparison, the fission profile for (NH3)210
4+ has been included in the overlay. 
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 An analysis of data recorded for (NH3)n
5+ using the approach outlined above gives a 
value for ncrit(5) of 302, but with a size range over which Coulomb instability is observed that 
is much larger than is seen in earlier examples (see Table 3). Figure 8 shows the result of a 
MIKE scan for (NH3)385
5+. The laboratory-frame kinetic energy spread spanned by the 
fragments is similar to that recorded for the +4 ion shown in Figure 4; however, what is 
immediately evident from an application of Eq. 2, is that no part of the peak can be attributed 
to the loss of singly charged ions. Figure 8 also shows how the position and width of the profile 
can accommodate a number of fragmentation channels involving the loss of doubly charged 
ions. Electrostatic theory predicts that these channels should be associated with a kinetic energy 
release of ~ 3 eV and individual profiles calculated for nine such fragmentation pathways are 
presented. Although the profiles are all predicted to be dish-shaped (a combination of light 
fragment mass and high energy release), there is both sufficient overlap and uncertainty in the 
masses of the fragments (addition and/or loss of multiple protons) that the absence of any 
similar features in the composite peak is not too unexpected.  
 Because of a shift in laboratory-frame kinetic energy seen in the fragmentation pattern 
for +5 ions, fragments arising from (NH3)n
6+ ions exhibit an overlap within the available ESA 
scan range such that both +5 and +6 fragments can be recorded simultaneously.  Figure 9 shows 
an example that illustrates the decline in intensity of  +5 fragment ions and the onset of stability 
at (NH3)410
5+, and the increase in intensity of Coulomb fission fragments from +6 ions starting 
at (NH3)468
6+. Fragments from the latter that are capable of detection could carry a charge of 
either +3, +4, or +5; however, similar to what has been found for the (NH3)n
5+ ions, no part of 
any of the recorded profiles could be assigned to +5 fragments. Table 4 lists the remaining 
options together with their calculated Coulomb energy barriers. Figure 10 shows profile 
calculated for fragments from (NH3)492
6+ where it has been assumed that the decay pattern 
follows that determined for (NH3)n
5+ ions and involves the loss of +2 ions to give a series of 
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+4 ions that are detected. Each profile has been calculated with an average kinetic energy 
release of ~4.0 eV. If instead, it is assumed that fragmentation follows the second of the 
pathways given in Table 4, then a profile calculated for a single fragment, (NH3)300
3+, with a 
predicted kinetic energy release of ~4.2 eV provides a very good match to the entire peak; 
however, given the patterns observed in previous examples, a single fragmentation step would 
seem unlikely.   
 A composite plot similar to those given in Figures 7 and 9 has been recorded for 
overlapping fragmentation patterns from +6 and +7 ions. The plot reveals ncrit(7) to be 630 and 
the size at which +6 ions become stable as 564. Potential fragmentation patterns for the +7 ion 
are the same as those discussed for the +6 ions and could involve the loss of +1, +2, and +3 
ions. Figure 11 shows a fragment ion profile recorded for (NH3)679
7+, and it can be shown from 
Eq. 1 that, in contrast to the last two example, at least part of the peak could also be accounted 
for by the loss of singly charged fragments in the range (NH3)2
+ - (NH3)14
+. However, there is 
the possibility of a more significant contribution from the loss of +2 ions as fragments and a 
series of simulated profiles for these channels are given in Figure 11, where each profile has 
associated with it an average kinetic energy release of 4.6 eV.  
For the third possible charge separation pathway, one which would lead to the detection 
of +4 fragments, possible routes are: 
 
(NH3)665
7+    (NH3)4424+  +  (NH3)2233+ 
(NH3)664
7+    (NH3)4384+  +  (NH3)2263+ 
 
Theory predicts the Coulomb barrier for these processes to be ~5.2 eV; however, as before, the 
simulated peak profiles have very pronounced dish-shapes, which should be apparent in the 
experimental result if these fragmentation steps were taking place. 
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  MIKE spectra following the Coulomb fission from ammonia clusters with a charge of 
+8 have been recorded; however, the identification and analysis of these data is hampered by 
very poor signal strength making the composition of peaks somewhat difficult to interpret. If 
total ionisation proceeds through a sequence of single molecule events, then the total energy 
needed to remove eight electrons would be 74.3 eV, which is approaching the 100 eV upper 
electron kinetic energy limit when the ion source is operated via “trap control”. However, 
exothermic NH3
+ proton transfer reactions of the type discussed by Peifer et al.34,  could 
provide additional internal energy to drive fragmentation.  For a cluster containing 8 charges 
there are 4 possible modes of fission: +7/+1, +6/+2, +5/+3 and +4/+4. Calculated values of 
Umax for each of these channel in conjunction with the precursor ion (NH3)824
8+ are given in 
Table 5. Simulations show that it is possible to discount the fission channels leading to +5/+3 
and +4/+4 products, as the simulated peaks are too wide, which leaves +7/+1 and +6/+2 as 
possibilities. A single peak simulated for +7/+1 is narrower than the profile seen in the MIKE 
spectrum, which suggests a limited range of fragments, centred on (NH3)31
+, could be 
responsible for the observed peak. In contrast a single profile calculated for the +6/+2 channel 
from the data given in Table 5 takes up almost the entire width of the experimental feature. 
Given what has been observed for the other multiple-charged ions, it would seem unlikely that 
there should be a single decay channel for the +8 ion; therefore it seems more likely that the 
experimental feature is composed predominantly from +7 fragments.   
 From the fragmentation data recorded above it has been possible to identify boundaries 
within which Coulomb fission is observed for a series of mass-selected (NH3)n
z+ ions. Although 
the events being observed are constrained by a specific time window, it is still possible to make 
comparisons with calculated Rayleigh instability limits on the understanding that the 
experimental values represent upper limits. Experimental and calculated values of ncrit(z) are 
given in Table 2 and the results are plotted in Figure 12 together with data taken from Ref. 1. 
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As can be seen, there is remarkably good agreement right across the data set between the 
experimental results and values calculated from the Rayleigh instability limit. In one respect, 
this level of agreement is unexpected in that the Rayleigh expression takes no account of the 
dielectric constant of the material concerned. In the case of ammonia the latter value is 22 and 
would represent a significant degree of shielding between the charges, which in turn should 
serve to reduce the value of ncrit(z).  However, such a reduction could be counteracted by the 
decline in surface tension predicted for finite-sized collections of atoms and molecules.35-37 
Previous experiments on doubly and triply charged neon clusters also provide evidence of a 
close match between values recorded for ncrit(z) and those calculated from Eq. (1).
6  
Finally, Fig. 13 examines the link between those charge separation pathways that are 
available for clusters carrying a charge of up to +8, and those pathways that appear to account 
for the observations reported here. The data points are presented as a function of z1z2, which is 
taken to represent the nominal charges on the fragment ions, and also reflects the pure Coulomb 
term in the interaction potential between fragments as they separate.  Plotted against the values 
are the calculated heights of the Coulomb barrier responsible for kinetic energy release (Umax). 
Shown below each experimental result is the smaller of the two charges to appear on the fission 
products.  Since the +4 precursor ion represents the first opportunity for a choice of pathways, 
that result is probably the most suitable reference point from which to view the remaining 
results. That being the case, then the fragmentation patterns appear to strongly favour charge-
asymmetric pathways, which in turn are associated with comparatively low Coulomb barriers. 
The data would also appear to support a drift towards +2 fragments as the charge on the 
precursor ion increases. However, the observations represented by Fig. 13 will be influenced 
by two factors. First, the experiments record delayed fragmentation pathways that occur on a 
~10-4 s timescale and that more energetic processes at short times may involve pathways with 
more symmetric charge separation that involve higher Coulomb barriers. Secondly, any 
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pathway where both fragments are multiply charged has to yield ions that contain more 
molecules than ncrit(z), which is certainly the case for those processes observed in these 
experiments.   
Although there is some uncertainty regarding the exact nature of the fragmentation 
patterns, the data would appear to support the ion evaporation model (IEM) whereby small 
solvated ions are rejected from highly charged clusters.28,29  In some respects, that may be the 
only option available to highly charged ions of the type discussed here. Since the results show 
that a very significant fraction of the Coulomb barrier appears as centre-of-mass kinetic energy 
of the fragments, there may not be sufficient internal energy in highly charged ions to sustain 
extended sequences of evaporative steps that involve extensive intermolecular bond breaking. 
Therefore, ions take the lowest energy route which as the calculation show is the ejection of 
small ions.  
 
 
IV. Conclusion 
 By monitoring the appearance and disappearance of fragments from the decay of 
multiply charged ammonia clusters, (NH3)n
z+, where z is  8, it has been possible to identify 
decay pathways close to the Rayleigh instability limit where ions undergo charge separation 
due to Coulomb fission. As part of the assignment process, a series of calculations have also 
been undertaken, where firstly electrostatic theory appropriate for dielectric particles has been 
used to calculate the Coulomb barriers responsible for the release of kinetic energy following 
fragmentation. Secondly, these energy releases have been used to calculate the shapes of peak 
profiles expected of different fragmentation pathways, some of which can be eliminated due to 
a poor match with the experimental data. The experiments have provided a measure of the 
critical cluster size required for the onset of Coulomb instability at a given value of z, the total 
17 
 
charge, and there is excellent agreement between the values recorded and results determined 
from the Rayleigh expression for the minimum number of molecules required to support z 
charges.    
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Table 1 
Precursor cluster Fragment pathway (k+) < 𝐾𝐸𝑅 > /eV 𝑈𝑚𝑎𝑥  /eV 
(NH3)52
2+ 11 0.99 0.97 
 12 0.99 0.98 
 13 0.99 0.98 
 14 0.99 0.98 
 
 
Table 2 
Charge state 𝑧 Experimental 𝑛𝑐𝑟𝑖𝑡(𝑧) Calculated 𝑛𝑐𝑟𝑖𝑡(𝑧) 
# 
2+ 50 49 
3+ 116 111 
4+ 208 197 
5+ 302 308 
6+ 464 443 
7+ 630 603 
8+ 784 788 
 
# calculated from the Rayleigh equation given in the text. 
 
Table 3 
 
23 
 
Charge State 
𝑧𝑝 
Critical range Most probable 
pathway 
No. of 
possible 
fragments 
Umax / eV 
2+ 4 +1/+1 4   1.0 # 
3+ 8 +2/+1 3 1.6 
4+ 29 +3/+1 9 2.2 
5+ 105 +3/+2 9 3.2 
6+ 94 +4/+2 10 4.0 
7+ 112 +5/+2 21 4.6 
8+ 72 +7/+1 ~3 3.4 
 
 
# matches the experimental result 
 
 
 
 
Table 4 
 
Precursor cluster Possible fragmentation 
channels 
𝑈max /eV
 # 
(NH3)492
6+ 902+- 992+ ~ 4.0 
   
 1923+ ~ 4.2 
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# Barrier height calculated from electrostatic theory. Since the exact number varies slightly 
according to the precise size of a fragment, an average is given. 
 
 
 
Table 5 
 
Precursor cluster Possible fragments 𝑈max /eV 
(NH3)824
8+ 31+ 3.43 
 1442+ 5.13 
 2583+ 6.13 
 3714+ 6.40 
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Figure 1 
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Figure 1. Potential energy curve for the coulomb fission of a multiply charged cluster carrying 
a charge of z+ fragmenting into two small clusters carrying charges of y+ and x+. The maximum 
in the electrostatic potential energy curve corresponds to the point where the two charged 
fragments start to repel one another. Ebarrier denotes the energy barrier to fission.  
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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Figure 13 
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